Biofilms are commonly defined as accumulations of microbes, embedded in a self-secreted, polysaccharide-rich extra-cellular matrix. This study aimed to characterize specific morphological changes that occur in Bacillus subtilis biofilms under nutrient-limiting growth conditions. Under varying levels of nutrient depletion, colony-type biofilms were found to exhibit different rates of spatial expansion and green fluorescent protein production. Specifically, colony-type biofilms grown on media with decreased lysogeny broth content exhibited increased spatial expansion and more stable GFP production over the entire growth period. By modeling the surface morphology of colony-type biofilms using confocal and multiphoton microscopy, we analyzed the appearance of distinctive folds or "wrinkles" that form as a result of lysogeny broth content reduction in the solid agar growth media. When subjected to varying nutritional conditions, the channel-like folds were shown to alter their morphology; growth on nutrient-depleted media was found to trigger the formation of large and straight wrinkles connecting the colony core to its periphery. To test a possible functional role of the formed channels, a fluorescent analogue of glucose was used to demonstrate preferential native uptake of the molecules into the channels' interiors which supports their possible role in the transport of molecules throughout biofilm structures.
Introduction
Bacteria, in a natural setting, routinely encounter a wide variety of stress types such as temperature related (heat shock), oxidative, nitrosative, mechanical, and reductive. To offset sub-optimal growth conditions, bacteria develop a number of different adaptation mechanisms, or "stress responses". These include, but are not limited to, dormant endospore formation, lowered metabolic rate, altered cell morphology [1] , changes in gene expression [2] , and protein synthesis.
Starter cultures of B. subtilis YC161 (P spank -gfp) [24] were grown in lysogeny broth (LB; 10 g of tryptone (Neogen, Lansing, MI, USA), 5 g of yeast extract (Neogen, Lansing, MI, USA) and 5 g of NaCl per liter and incubated at 37 • C at 150 rpm for five h. The biofilm-promoting LB medium was solidified by the addition of 1.5% (w/v) agar and supplemented with 1% (v/v) glycerol and 0.1 mM MnSO 4 [14] . Diluted or nutrient-depleted growth media, for the starvation assays, were prepared by reducing the amount of LB content in the growth medium, e.g., 50% nutrient availability was achieved by using 1 g instead of the standard 2 g LB (100%) per 100 mL of solvent.
Colony-Type Biofilm Formation
For colony-type biofilm formation, starter cultures were prepared as described above. The 2.5 µL of suspension from the starter culture (O.D. 600 nm = 1) was placed onto agar plates of various LB-based media content. The plates were incubated at 30 • C for a period of three days during which the GFP-labelled colony-type biofilms were visualized under a Nikon SMZ25 microscope with an ORCA-R2 camera (Zeiss LSM510 CLS microscope, Carl Zeiss, Oberkochen, Germany). All images were taken using an objective magnification of 1 and an exposure time of 100 ms.
Native Uptake of Nutrients
Uptake of nutrients by colony-type biofilms grown on agar media with limited nutrient availability was simulated by using 2-NBDG (C 12 H 14 N 4 O 8 ) (Invitrogen, Eugene, OR, USA), a fluorescent indicator of glucose uptake into living cells. B. subtilis colony-type biofilms (BS3610) were cultured for a period of 48 h on agar media with 50% (1 g/100 mL) LB content. Upon reaching morphological maturity, colonies were removed using PBS and placed onto fresh agar media with embedded 2-NBDG. The colonies were detached undisrupted from the growth medium by introducing liquid PBS in between the colony and agar surface. Once detached, a coverslip glass was inserted between the two and lifted with the macrocolony upon it. After a second culture period (48 h), colonies were visualized under a Nikon SMZ25 microscope with an ORCA-R2 camera (Zeiss LSM510 CLS microscope, Carl Zeiss, Oberkochen, Germany).
Multi-Stain Visualization of Colony-Type Biofilms

Confocal Microscopy
Bacterial biofilms were removed gently from agar surfaces to glass cover slips using PBS (PBS tablets, Merck KGaA, Darmstadt, Germany). The colonies were incubated with 700 µL mixed dye of propidium iodide (PI) stain for labelling dead bacteria and concanavalin A (Con A) Alexa Fluor 647 for labelling extracellular polysaccharides (EPS) for 20 min at RT and afterwards washing using PBS. All images were taken using a Zeiss LSM510 CLS microscope (Carl Zeiss, Oberkochen, Germany). Propidium iodide fluorescence was measured using 543 nm excitation and 570 nm emission. Alexa Fluor 647 was measured using a 650 nm excitation wavelength and 668 nm emission. Three-dimensional views of colony-type biofilms were constructed using ZEN software (ZEN 2.3, blue edition, Carl Zeiss Microscopy GmbH, 2011). 
Multiphoton Microscopy
Images of mature biofilms on agar media were visualized using a Nikon A1 MP Multi-Photon microscope (Nikon Instruments, Tokyo, Japan). For each examined channel section, a set of images at various depths in the colony-type biofilm was obtained.
Image Processing
Two-Dimensional (2D) Analysis
MATLAB software (R2018a, MathWorks, Inc., Natick, MA, USA) was used for image data analysis. Images of equal size were converted to grayscale by taking the mean value of three color channels in RGB color space. In such grayscale representation, a strong GFP signal is observed as white pixels in the image, whereas areas with non-viable bacteria or areas with no bacterial presence appear as black pixels. Two-dimensional measurements were performed using NIS Elements software (Nikon Instruments, Tokyo, Japan).
Three-Dimensional (3D) Analysis
Multiphoton microscopy was utilized to obtain multiple images at varying depths within the biofilm of small areas where channels were observed. These sets of images were used to render a 3D structure of channels and parabolic approximation was applied to obtain a volumetric analysis of channel sections. Analysis was performed using proprietary code in conjunction with the Volume Viewer applet of MATLAB software.
Statistical Analysis
The data obtained were analyzed statistically using ANOVA following post-hoc t-test with Bonferroni correction. All statistical analyses were performed using Microsoft Excel software. Statistically significant values were determined by a p-value of less than 0.05.
Results
Characteristic Features of Bacterial Growth under Nutrient-Limiting Conditions
Reduction of LB content in liquid growth medium of B. subtilis cells results in decreased maximal bacterial concentration reached at the stationary phase of growth ( Figure 1A ). This decrease was non-linearly correlated to the level of nutrient deprivation-each subsequent dilution of the growth medium by 1 g of LB resulted in an increased effect on maximal optical density (OD) measured. More specifically, when comparing the decreases in maximal OD reached between 5 g to 4 g, 4 g to 3 g, and 3 g to 2 g, we observed a decrease in maximal OD of 41.3%, 61.3%, and 69.3%, respectively. MATLAB software (R2018a, MathWorks, Inc., Natick, MA, USA) was used for image data analysis. Images of equal size were converted to grayscale by taking the mean value of three color channels in RGB color space. In such grayscale representation, a strong GFP signal is observed as white pixels in the image, whereas areas with non-viable bacteria or areas with no bacterial presence appear as black pixels. Two-dimensional measurements were performed using NIS Elements software (Nikon Instruments, Tokyo, Japan).
Three-Dimensional (3D) Analysis
Statistical Analysis
Results
Characteristic Features of Bacterial Growth under Nutrient-Limiting Conditions
Reduction of LB content in liquid growth medium of B. subtilis cells results in decreased maximal bacterial concentration reached at the stationary phase of growth ( Figure 1A ). This decrease was nonlinearly correlated to the level of nutrient deprivation-each subsequent dilution of the growth medium by 1 g of LB resulted in an increased effect on maximal optical density (OD) measured. More specifically, when comparing the decreases in maximal OD reached between 5 g to 4 g, 4 g to 3 g, and 3 g to 2 g, we observed a decrease in maximal OD of 41.3%, 61.3%, and 69.3%, respectively.
Confocal microscopy images of mature biofilms ( Figure 1B ) reveal that peak EPS production was measured at lower layers of the biofilms (i.e., closer to the agar surface) compared to peak GFP and PI signals which were measured closer to the biofilm surface and correlated to live and dead bacterial cells, respectively ( Figure 1C ). After 48 h, the PI to GFP ratio of starved colony-type biofilms (25% (0.5 g/100 mL) LB content) was on average over four times higher when compared to that of biofilms grown on mediums with 100% (2 g/100 mL) LB content. Extracellular polysaccharides production of starved colonies was on average 54% of the equivalent in non-starved colonies ( Figure 1C ). Colonies grown for a period of three days under some form of nutrient limitation also exhibited several distinct characteristics in their morphology ( Figure 2 ), growth kinetics and long-term GFP production ( Figure 3 ).
Colonies that were subjected to more severe nutrient-limiting conditions exhibited higher expansion rates (i.e., reached further areas of the medium from the point of inoculation) than their non-starved counterparts ( Figure 3A ). For example, colonies grown on agar with 25% (0.5 g/100 mL) nutrient availability expanded on average 257% (±26%) in diameter compared to 176% (±33%) for colonies grown on agars with 100% (2 g/100 mL) nutrient supply. These differences in expansion rates can be detected as early as 1 day. Confocal microscopy images of mature biofilms ( Figure 1B ) reveal that peak EPS production was measured at lower layers of the biofilms (i.e., closer to the agar surface) compared to peak GFP and PI signals which were measured closer to the biofilm surface and correlated to live and dead bacterial cells, respectively ( Figure 1C ). After 48 h, the PI to GFP ratio of starved colony-type biofilms (25% (0.5 g/100 mL) LB content) was on average over four times higher when compared to that of biofilms grown on mediums with 100% (2 g/100 mL) LB content. Extracellular polysaccharides production of starved colonies was on average 54% of the equivalent in non-starved colonies ( Figure 1C ).
Colonies grown for a period of three days under some form of nutrient limitation also exhibited several distinct characteristics in their morphology ( Figure 2 ), growth kinetics and long-term GFP production ( Figure 3 ). Colonies grown for a period of three days under some form of nutrient limitation also exhibited several distinct characteristics in their morphology (Figure 2) , growth kinetics and long-term GFP production ( Figure 3 ).
Colonies that were subjected to more severe nutrient-limiting conditions exhibited higher expansion rates (i.e., reached further areas of the medium from the point of inoculation) than their non-starved counterparts ( Figure 3A ). For example, colonies grown on agar with 25% (0.5 g/100 mL) nutrient availability expanded on average 257% (±26%) in diameter compared to 176% (±33%) for colonies grown on agars with 100% (2 g/100 mL) nutrient supply. These differences in expansion rates can be detected as early as 1 day. content developed a highly organized network of channels that appeared as direct lines on the surface connecting the colony-type biofilm core to its periphery (Figure 2A ). While the number of channels is dependent on the degree of starvation (less channels formed when the LB content was reduced further), their spatial distribution remained such that the angle among neighboring channels was approximately equal. Colonies that were subjected to more severe nutrient-limiting conditions exhibited higher expansion rates (i.e., reached further areas of the medium from the point of inoculation) than their non-starved counterparts ( Figure 3A) . For example, colonies grown on agar with 25% (0.5 g/100 mL) nutrient availability expanded on average 257% (±26%) in diameter compared to 176% (±33%) for colonies grown on agars with 100% (2 g/100 mL) nutrient supply. These differences in expansion rates can be detected as early as 1 day.
The GFP signal intensity produced at the colony core was indicative of the long-term viability (i.e., GFP production) of the cells that comprised that region of the colony-type biofilm ( Figure 3B ). When grown on biofilm-promoting medium, B. subtilis colonies reached a maximal GFP signal at the colony core after approximately 48 h of growth (on day 2); from this time point onwards, GFP production at the core diminished over time. This effect was likewise seen in colonies grown in a nutrient-limited environment, i.e., the GFP signal decreased between day 2 and 3. However, in such colonies, a complementary effect can be observed; when comparing the mean intensity at the core on days 1 and 3, colonies grown on nutrient-limited agar exhibited a net GFP signal increase rather than a decrease seen in their non-starved counterparts. For example, at 100% (2 g/100 mL) nutrient supply, the net difference in GFP signal between day 1 and 3 was a 12% decrease, while the same difference in colonies grown on 25% (0.5 g/100 mL) nutrient agar was an increase of 25%. This effect seems to have been dependent on the level of starvation; the change between a net decrease to a net increase was gradual. At 50% (1 g/100 mL) of nutrient availability, the measured GFP signal was almost equal and differed by a 3% decrease from day 1 to 3. Figure 2 shows the channels formed on the surfaces of B. subtilis colony-type biofilms grown on biofilm-promoting media of varying LB content, assuming different structural and spatial characteristics. Biofilms that were grown on mediums with the standard LB broth content (8 g per 400 mL) developed a complex intercalating network of wrinkles at the colony-type biofilm core with no wrinkles developing on the periphery. In contrast, biofilms grown on media with reduced LB content developed a highly organized network of channels that appeared as direct lines on the surface connecting the colony-type biofilm core to its periphery (Figure 2A ). While the number of channels is dependent on the degree of starvation (less channels formed when the LB content was reduced further), their spatial distribution remained such that the angle among neighboring channels was approximately equal.
Quantitative Analysis
Whole Colony Analysis
Adding to the abovementioned differences in the number of channels, multiphoton microscopy reveals an additional distinction in the surface appearance of channels; channels formed by more severely starved colonies appeared to have a smoother, more uniform structure ( Figure 2B ) than their less starved counterparts.
Volumetric Analysis of Channels
The cross-section of each channel can be approximated from the location of three points that lie in the same plane, perpendicular to the agar surface: the peak of the channel and the two points at which the channel meets the surface of the biofilm that adheres to the agar surface. Those three points allow us to fit the channel curve to a polynomial of a second degree. Figure 4C illustrates the parabolic structure of a typical channel from two different viewpoints, and Figure 4D shows the surface view of the channel, with a visible intersection with another channel, which connects perpendicularly to it. The formulations below use h as a measure of individual channel height and w for the width of its base. Adding to the abovementioned differences in the number of channels, multiphoton microscopy reveals an additional distinction in the surface appearance of channels; channels formed by more severely starved colonies appeared to have a smoother, more uniform structure ( Figure 2B ) than their less starved counterparts.
The cross-section of each channel can be approximated from the location of three points that lie in the same plane, perpendicular to the agar surface: the peak of the channel and the two points at which the channel meets the surface of the biofilm that adheres to the agar surface. Those three points allow us to fit the channel curve to a polynomial of a second degree. Figure 4C illustrates the parabolic structure of a typical channel from two different viewpoints, and Figure 4D shows the surface view of the channel, with a visible intersection with another channel, which connects perpendicularly to it. The formulations below use h as a measure of individual channel height and w for the width of its base. Polynomial coefficients can then be determined by solving the following system of equations: Figure 4A illustrates the change in channel cross-section as a function of LB content in the growth medium. The cross-section reached maximum value at 50% (1 g/100 mL) nutrient availability, i.e., 4 General formula of a polynomial of a second degree: f (x) = ax 2 + bx + c. Coordinates of channel "peak": (x 1 , f (x 1 )) = (0, h). Coordinates of left base point: (x 2 , f (x 2 )) = − w 2 , 0 . Coordinates of right base point: (x 3 , f (x 3 )) = w 2 , 0 . Polynomial coefficients can then be determined by solving the following system of equations: Figure 4A illustrates the change in channel cross-section as a function of LB content in the growth medium. The cross-section reached maximum value at 50% (1 g/100 mL) nutrient availability, i.e., 4 g per 400 mL of growth medium. The illustration below demonstrates the mathematical approximation of the cross-section area of an individual channel (shown in gray). Figure 4B shows the changes that occurred in the colony-type biofilm thickness, disregarding the channels themselves (which rose above the surface thickness). More nutrient availability correlated with an increased measured biofilm thickness, i.e., more biomass.
Co-Localization of 2-NBDG within Channels
Colony-type biofilms, grown to maturation (48 h) on solid media with 50% (1 g/100 mL) LB content, were transferred onto growth media supplemented with 2-NBDG. Confocal images of the colony-type biofilms were taken after an additional period of 48 h. Figure 5B shows the co-localization in the interior of channels (darker areas, right image) with the location of fluorescently tagged molecule (green signal, left image) that was embedded into the solid medium during the later stages of biofilm growth.
Microorganisms 2019, 7, x 9 of 13 g per 400 mL of growth medium. The illustration below demonstrates the mathematical approximation of the cross-section area of an individual channel (shown in gray). Figure 4B shows the changes that occurred in the colony-type biofilm thickness, disregarding the channels themselves (which rose above the surface thickness). More nutrient availability correlated with an increased measured biofilm thickness, i.e., more biomass.
Colony-type biofilms, grown to maturation (48 h) on solid media with 50% (1 g/100 mL) LB content, were transferred onto growth media supplemented with 2-NBDG. Confocal images of the colony-type biofilms were taken after an additional period of 48 h. Figure 5B shows the colocalization in the interior of channels (darker areas, right image) with the location of fluorescently tagged molecule (green signal, left image) that was embedded into the solid medium during the later stages of biofilm growth. 
Discussion
This work presents a quantitative analysis of B. subtilis colony-type biofilm morphology as it adapted to a reduction in LB content within the growth medium as a model for starvation conditions. We show that reduction of LB content resulted in specific changes in colony-type biofilm morphology, namely, the appearance of channel-like structures that protruded from the center of the colony towards the outer rim. Thus, it is reasonable to assume that these macro-structures essentially formed a physical interface in the form of wrinkles that connected the biofilm's core to the colony periphery.
Bacterial Kinetics
The morphology of colony-type biofilms has been a significant subject of interest in the field of biofilm research. The morphological diversity of colony-type biofilms formed by B. subtilis makes this bacterium a fitting model for research; indeed, several papers have been published revealing 
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Bacterial Kinetics
The morphology of colony-type biofilms has been a significant subject of interest in the field of biofilm research. The morphological diversity of colony-type biofilms formed by B. subtilis makes this bacterium a fitting model for research; indeed, several papers have been published revealing formative aspects of biofilm morphology. The formation of wrinkles in B. subtilis biofilms was reported to be a consequence of localized cell death [25] , mechanical forces [26] , and spatial gradients in metabolites [27] . Several beneficial features have been attributed to the wrinkled structure such as structural integrity, elasticity, liquid transport, hydrophobicity, and active protection from other species infiltration [28] . This paper addresses a possible role that the wrinkled architecture plays in B. subtilis colony-type biofilms grown in conditions of nutritive stress.
Reduced nutrient availability, modeled by a reduction in carbon sources, has been shown by Zhang et al. [29] to be a positive inducer of EPS production in B. subtilis biofilms. This uptick in EPS production was shown by Seminara et al. [30] to drive an increase in bacterial surface motility which they suggest is necessary to overcome the limit of diffusion-based nutrient uptake. This paper supports the findings by directly linking a decrease in the LB content with an increased spatial expansion of B. subtilis colony-type biofilms ( Figure 3A) ; under nutrient-limiting growth conditions, B. subtilis colony-type biofilms tend to expand spatially without developing a wrinkled structure characteristic to colonies grown on standard biofilm-promoting agar, at their core.
Similar to colonies grown on agar that lacks glycerol and manganese (non-biofilm-promoting, [21] ), the nutrient-deprived colonies also demonstrated a more stable bacterial GFP signal production at their core with a smaller characteristic decrease of GFP signal over time ( Figure 3B ). In both cases, the loss of complex wrinkled formations at the colony core was accompanied by a smaller decrease in the GFP signal produced by the bacterial cells at the colony core, supporting a previous suggestion that there is an inherent "cost" to the formation of the network of wrinkles in the long term [21] .
Confocal microscopy images reveal a significantly higher rate of dead bacterial cells at the colony core, accompanied by a considerable reduction in EPS production ( Figure 1B) . This is consistent with the lack of wrinkled formations at the colony core, as these were replaced by long folds that traversed the colony-type biofilms on the periphery.
B. subtilis colony-type biofilms that were grown under nutrient-limiting conditions were shown to have higher spatial expansion rates on solid agar media. While colonies that were grown on standard LB medium (100% or 2 g/100 mL nutrient availability) maintained a stronger GFP signal throughout the growth period, starved colonies were characterized by a reduced but more constant rate of GFP signal production, one that did not suffer from a comparable decrease at the colony core. This might suggest that nutrient-depleted colonies preferentially and actively expand-a proposition that is further supported by the results from the mixed-plate experiments, which showed that the starved colony-type biofilms consistently maintained a significantly higher slope in terms of area occupied by the colony during the growth period.
Biofilm Morphology
This paper demonstrates a formation of channels of a specific morphology and spatial distribution in B. subtilis colony-type biofilms grown on solid agar media of depleted LB content. It is important to note that such networks of channels are not limited to colony-type biofilms that are grown under nutrient-limiting conditions. B. subtilis biofilms, for example, when grown under biofilm-promoting conditions, develop a complex network of such wrinkles but only at the colony core, not the periphery. Under standard biofilm-promoting conditions, the wrinkled structure is a reflection of the biofilm's elasticity [21] . Conversely, the channels that develop under nutrient-limiting conditions appear straight and span the entire colony from the center to the very edge of the biofilm. Moreover, the channels appear to be evenly distributed throughout the colony-type biofilm, which suggests that each such channel or wrinkle relates to or "governs" a certain localized area of the colony. This seems to be a particularly conserved feature, while the number of channels on colony-type biofilms that were grown under 50% (1 g/100 mL) nutrient availability (8-10) was on average higher than the equivalent on colony-type biofilms that received 25% (0.5 g/100 mL) nutrients (4-5); in both cases, the channels were equally distributed throughout the colony, i.e., the angle between adjacent channels was significantly larger in the latter.
It has been hypothesized that channels that appear throughout B. subtilis colony-type biofilms facilitate liquid transport throughout the biofilm [22] . This work attributes a complementary "suction" force to the channels that was demonstrated by the unaided uptake of fluorescent glucose molecules preferentially from the solid agar medium into the channel interior. Volumetric measurements further appeared to suggest that a decrease in nutrient availability during colony maturation by 50% (1 g/100 mL) triggered a significant increase in the cross-section area and, consequently, the volume of the formed channels; at this LB concentration, the channels appeared most pronounced on the biofilm surface. It is important to note that peripheral channels (not to be confused with the wrinkles that formed at the colony core under 100% (2 g/100 mL) LB content in the biofilm-promoting medium) formed at other LB concentrations as well, but at 50% (1 g/100 mL) LB content, they reached a maximum cross-section area. Combined, these characteristics suggest that there may be a higher rate of fluid exchange taking place in the peripheral area of colony-type biofilms that are subjected to specific nutritionally sub-optimal growth conditions. The preferred localization of 2-NBDG molecules within the interior of the channels models a "native" uptake of nutrients by the colony from its solid growth medium. It has already been suggested by Wilking et al. [22] that the formed wrinkles facilitate liquid transport throughout the colony-type biofilm-the uptake of molecules from within the medium adds a complementary characteristic by which bacterial cells are able to more efficiently "extract" nutrients from their growth medium by way of altering the colony-type biofilm architecture.
Conclusions
B. subtilis' morphological diversity has been well documented in the literature. The biofilms that are formed by this bacterium are complex, three-dimensional colony-type biofilms with clear and detailed architecture. This paper presents an analysis of the specific morphological changes that occur due to the controlled starvation of B. subtilis biofilms. The consistency and nature of these changes suggest that they play a role in the survival of biofilms under nutrient stress. The consistent appearance of the channels as direct lines connecting the core to the outside boundary, combined with the observed increase in their volume as starvation conditions become harsher, hints at their role in aiding the colony-type biofilm survival under a limited supply of nutrients. Thus, a possible link between specific biofilm architecture and functionality can be suggested. In order for such a link to be firmly established, however, we would suggest a comparison of nutritive stress tolerance between wild-type B. subtilis and mutant strains, defective in the ability to form channel-like structures, i.e., defective in their biomineralization ability.
